Here we report that femtosecond laser pulses are able to trigger oscillations of the magneto-optical Faraday rotation in the ferromagnetic semiconductor CdCr 2 Se 4 in the presence of an applied magnetic field. The frequency of these oscillations is a linear function of the magnetic field and corresponds to the ferromagnetic resonance (FMR). Tuning the photon energy of the pump pulses we reveal two different mechanisms, which induce FMR precession in this material. In the case of pumping from the valence band deep into the conduction band (photon energy 3.1 eV), the phase of the spin oscillations is not sensitive to the polarization of the pump, but can be reversed over 180 deg by changing the polarity of the applied magnetic field. We assign these oscillations to the coherent spin precession triggered by ultrafast laser-induced heating. This mechanism requires a strong optical absorption in the material and becomes inactive if the pump photon energy is below the band gap. Tuning the photon energy in a wide range from 0.88 to 2.1 eV reveals the second mechanism of optical excitation of coherent spin oscillations with a maximum around 1.2 eV, i.e., very close to the energy of the band gap in the semiconductor. Contrary to the laser-induced heating, this excitation mechanism is pump polarization dependent, being the most efficient if the pump is circularly polarized. The phase of the spin oscillations is independent of the polarity of the applied magnetic field, but changes by 180 deg under reversing the helicity of light. We suggest that the effect can be interpreted in terms of spin transfer torque experienced by the network of the ordered Cr 3+ spins as a result of excitation of electrons from the top of the p-type valence band to the bottom of the s-type conduction band. In particular, a strong spin-orbit interaction experienced by the carriers in the valence band is responsible for the coupling of the spins of the photogenerated carriers and the polarization of light. Due to strong pdand sd-exchange interactions the spins of the photocarriers appear to be coupled to the network of ordered spins of the Cr 3+ ions.
I. INTRODUCTION
The idea of changing the magnetic properties of media with the help of light has been intriguing people for a long time [1, 2] . This became especially appealing after the development of solid-state femtosecond laser sources which are able to generate sub-100-fs laser pulses. These developments naturally raised questions about the mechanisms of laser-induced magnetization dynamics and the speed limit of the optical control of magnetism [3] [4] [5] [6] [7] . It has been demonstrated that magnetization dynamics can be triggered via several distinct mechanisms. In 1996 the work of Beaurepaire et al. [1] started the field of ultrafast magnetization dynamics by reporting laser-induced demagnetization in Ni thin films, using 60-fs pulses. The mechanism was discussed in terms of a three-temperature model, in which light first interacts with free electrons, rapidly increasing the electronic temperature. Afterwards the excitation is transferred via the lattice to the spins. Demonstration of the inverse Faraday effect in dielectric iron oxides (DyFeO 3 and yttrium iron garnet) led to another mechanism of laser-induced spin precession in magnetic materials [2, 3] . Contrary to the previous one, this mechanism did not rely on heating but required circularly polarized laser excitation. The phase of the spin oscillations was independent of the direction of the applied magnetic field, but a change of the pump helicity resulted in a 180-deg change of the phase of the oscillations.
Soon after the first reports of the helicity dependent laser excitation in magnetic dielectrics, pump polarization dependent excitations and even magnetization reversal were also reported for metallic GdFeCo [8] . The majority of the experimental studies in this field concern either insulating or metallic media [9] . Investigation of laser-induced spin dynamics in semiconductors has achieved far less attention, being limited to very few compounds [9] [10] [11] [12] [13] [14] [15] [16] [17] . It is remarkable that practically in all these magnetic semiconductors it was possible to excite spin precession via a helicity independent mechanism based on a relatively simple laser-induced heating [11, 12] or even more complex scenario [10, 18] , while helicity dependent laser-induced spin dynamics was reported only for GaMnAs and EuO [15, 19] . Aiming to understand the role of the polarization and photon energy in defining the dominant mechanism of the laser-induced spin dynamics in semiconductors, we performed spectral studies of the laser-induced spin dynamics in the ferromagnetic thin-film semiconductor CdCr 2 Se 4 . This material has a relatively high Curie temperature T C = 130 K and a band gap around 1.2 eV at 4 K [20] [21] [22] [23] . Only helicity independent spin precession excited with photons with energy of 3.1 eV has been reported for this semiconductor so far [24] . At the same time, it is known that this compound possesses strong magneto-optical and photomagnetic effects [25] [26] [27] . All these features make CdCr 2 Se 4 an attractive candidate for such a spectral and polarization dependent study of the mechanisms of interaction of light with spins.
In this paper we present the observation of ferromagnetic precession triggered by sub-100-fs laser pulses in two different absorption regimes. In the first part we show that pump pulses with a photon energy much higher than the band gap can induce magnetization precession via a polarization independent heating mechanism. Contrary, if the photon energy is close to the energy of the semiconductor band gap, the ferromagnetic precession is excited by means of a polarization dependent mechanism of optical spin transfer torque.
II. SAMPLES AND EXPERIMENTAL TECHNIQUE
CdCr 2 Se 4 investigated here is a single-sublattice ferromagnetic semiconductor with the Curie temperature T C = 130 K [28] . Strong ferromagnetic superexchange between nearestneighbor chromium Cr 3+ ions through Cd is the main type of interaction responsible for the ferromagnetic order in this material. CdCr 2 Se 4 has a band gap around 1.2 eV at 4 K and 1.4 eV at 78 K [20, 21] .
The polycrystalline film of thickness d = 100 nm was obtained by vacuum deposition [29] on a borosilicate glass substrate of thickness d = 0.14 mm at T substr = 250 • C. The initial components Cd, Cr, and Se were placed in three melting pots with independent adjustment of the evaporation rate of each element described. The as-grown amorphous film was annealed in vacuum at T = 450 • C for 2 h. The composition of the film was checked by x-ray diffraction with an accuracy of 5%. Such a polycrystalline film has an easy-plane type of anisotropy and does not show any measurable anisotropy in the sample plane.
To study ultrafast laser-induced spin dynamics, a standard optical pump-probe technique was applied, with 50-fs optical pulses from a 1-kHz Ti:Al 2 O 3 regenerative amplifier seeded with a Ti:Al 2 O 3 oscillator. Two optical pulses, suitably delayed in time with respect to each other, arrive at the sample [see inset Fig. 1(a) ]. One stronger, circularly polarized, beam (pump) drives the sample out of equilibrium, while another weaker, linearly polarized, beam (probe) is used to detect the pump-induced changes with a time resolution of a pulse duration. In all the experiments, for the probe we used photons with an energy of 1.55 eV, which is above the band gap. The pump photon energy was tuned from 0.88 to 3.1 eV. The circularly polarized pump pulses were incident under a small angle with respect to the sample normal. The probe pulses were at normal incidence to the sample surface. The pump beam was focused on the sample to a spot size of 100 µm, and the probe spot size was around 50 µm. The energy of the pump pulse was around 1 μJ and the probe pulse was about 30 times weaker. After transmission through the sample, the polarization rotation of the probe pulses was detected by a balanced detector as a function of time delay between pump and probe pulses. To activate both pump polarization dependent and pump polarization independent mechanisms, i.e., heat-induced mechanisms of spin precession, a magnetic field up to 7 T was applied at an angle of about 20 deg with respect to the plane of the sample [see inset Fig. 1(a) ]. To suppress the polarization independent mechanism, but keep the polarization dependent one unaffected, the field was applied in the sample plane. The temperature of the sample was varied with the help of a cryostat.
The rotation of the probe polarization, θ , measured in this way corresponds to the magneto-optical Faraday effect, which is proportional to the projection of the magnetization on the wave vector of the probe light, i.e., the magnetization projection on the sample normal. If light triggers homogeneous spin precession, the magnetization component normal to the sample plane, and thus the Faraday rotation, should oscillate at the frequency of ferromagnetic resonance. We exclude the contribution of magnetooptical effects of higher orders (e.g., magnetic linear dichroism) [30] . In particular, we have checked and confirmed the independence of the observed dynamics on the polarization of the incidence probe pulse. 
III. RESULTS

A. Pump photon energyhω = 3.1 eV: Excitation above the gap
To reveal the mechanism of the excitation of laser-induced spin dynamics in a strong absorption regime, we employed circularly polarized pump pulses with a photon energy of 3.1 eV. This energy is much higher than the band gap of CdCr 2 Se 4 . In a small magnetic field of 0.25 T, applied at an angle of about 20 deg with respect to the sample surface, at a temperature of 10 K, we observed damped oscillations of the transient polarization rotation with a frequency of 10 GHz [see Fig. 1(a) ]. The frequency of these oscillations increased upon an increase of the magnetic field. Figure 1(a) shows the dynamics of the transient polarization rotation. A fast Fourier-transform (FFT) analysis shows that the frequency of the oscillations is a linear function of the applied magnetic field, with a slope corresponding to the Landé g factor of 2 [see Fig. 1 
The dynamics of the polarization rotation measured at various temperatures is shown in Fig. 2 . The frequency of the oscillations weakly depends on temperature, and their amplitude [see Figs. 2(b) and 2(c)] drops to zero just above 130 K. This temperature corresponds to the Curie point.
Hence, the observed dynamics, measured at different magnetic fields and temperatures, suggests that the observed oscillations correspond to a coherent spin precession of Cr 3+ ions. Interestingly, a comparison of the values of the static magnetooptical Faraday effect [see inset Fig. 1(b) ] with the amplitude of the laser-induced oscillation allows us to estimate the angle of deviation of the coherently precessing magnetization from its equilibrium position. Regarding the fact that the total Faraday rotation measured at the wavelength of 800 nm at 78 K is about 1.8 deg, one can roughly estimate the angle of precession to be around 0.5 deg.
In an attempt to reveal the mechanism responsible for the excitation of the spins, we performed the measurements for two helicities of the pump pulses (σ + and σ − ) and two 
dynamics with respect to the pump helicity.
polarities of the applied magnetic field (H + and H − ). From Fig. 3(a) it can be seen that the oscillations are sensitive to the field polarity, being an odd function of the applied magnetic field. To emphasize this fact, we calculated the odd α F (H o ) = α F (H + ) − α F (H − ) and even parts of the measured dynamic signals α F (H e ) = α F (H + ) + α F (H − ). From the graphs, shown in Fig. 3(b) , it is seen that the oscillations are only seen in the odd part.
The dynamics of the laser-induced probe polarization rotation is shown in Fig. 3 (c) for two pump helicities. Similarly, we calculated the helicity odd and helicity even parts of the measured dynamics: Fig. 3(d) one can see that for the pump photon energy of 3.1 eV the oscillations do not depend on the helicity of the polarization of the pump pulses.
The observed helicity-even but field-odd oscillations exhibit all the features of coherent spin precession triggered as a result of laser-induced heating [3, 31] . In thermodynamic equilibrium the magnetization vector is aligned along the effective magnetic field, which is defined from the free energy as μ 0 H eff = − ∂ ∂ M , where is the free energy of the magnet. Distinguishing the magnetization independent 0 from magnetization dependent parts of the free energy one can write
where H ext is the external magnetic field, H a is the magnetocrystalline anisotropy field aligned in the sample plane, and M z is the magnetization component normal to the sample plane. The photon energy of 3.1 eV is much higher than the band gap of CdCr 2 Se 4 . This means that pump pulses excite electrons far into the conduction band. As a result of the strong absorption, the temperature of the electrons increases. The hot electrons interact with the lattice on a time scale of the electron-phonon interaction resulting in a lattice heating and a change of the strength of the magnetocrystalline anisotropy H a [32, 33] . On a timescale of spin-lattice coupling the temperature of the spin system also increases, resulting in a decrease of the magnetization | M|. Moreover, due to the sd-exchange interaction in the conduction band and the pd-exchange interaction in the valence band, ultrafast laser-induced demagnetization can be caused by scattering of hot charge carriers on localized spins of Cr 3+ ions. A decrease of | M| affects all corresponding magnetization dependent terms of the free energy. However, for a polycrystalline film, as the one discussed here, H a can be neglected. Therefore, such a laser excitation changes the orientation of H eff , changing the equilibrium orientation for the magnetization. In response to this change, the magnetization starts precessing around the new equilibrium orientation, resulting in the observed oscillations.
B. Pump photon energies below the band gap
We also performed time-resolved measurements of the probe polarization rotation induced by circularly polarized pump photons with an energy below the band gap. Earlier it was reported that pumping the semiconductor with light can effectively induce polarization dependent domain-wall motion and a change of the net magnetization, with the maximum of efficiency at a photon energy of 1.2 eV [27, 34] .
In our experiments we first suppressed possible manifestation of the polarization independent heating-induced mechanism of spin precession by applying an external magnetic field in the plane of the sample. If the pump photon energy is tuned to 1.2 eV, the observed dynamics clearly reveal oscillations [ Fig. 4(a) ]. As in the previous part, we studied the laser-induced dynamics as a function of the applied magnetic field. The FFT analysis demonstrates that the frequency of the oscillations is a linear function of the applied magnetic field with g factor close to 2 [shown in Fig. 4(b) ]. The dynamics of the polarization rotation measured for pump photon energies of 1.2 eV at different temperatures is shown in Fig. 5(a) . The frequency of the oscillations slightly softens close to the Curie point [see Fig. 5(b) ], and the amplitude drops to zero above the critical temperature [ Fig. 5(c) ]. All these dependencies suggest that the observed effect can be assigned to the laserinduced homogeneous spin precession at the frequency of ferromagnetic resonance.
To reveal the mechanism of the laser-induced dynamics in this regime, we studied the dynamics under changing the polarity of the applied magnetic field as well as the helicity of the circularly polarized pump. In contrast to the measurements with the pump photon energy of 3.1 eV, for 1.2 eV the polarization rotation is independent of the polarity of the applied magnetic field [see Fig. 6(a) ]. Taking the difference between the transient rotation signals, measured in opposite magnetic fields, α F (H o ) = α F (H + ) − α F (H − ), cancels the oscillations completely, suggesting that the mechanism is different from the one based on laser-induced heating. Moreover, our experiments with pump pulses of opposite circular polarization reveal that now the spin precession does depend on the helicity of the pump photons [ Fig. 6(c) ]. Changing the helicity of the pump pulses, one also changes the sign of the oscillations. In Fig. 6(d) we plot the difference between the outcomes of the experiments with the left-and right-handed circularly polarized pump beams. It is seen that the oscillations completely disappear in the even part of the signal, α F (σ o ) = α F (σ + ) + α F (σ − ). Moreover, the fast noncoherent signal, observed as picosecond relaxation, also changes sign with the pump helicity.
The dependence on the polarity of the magnetic field and on the helicity of light suggests that the homogeneous spin precession at the frequency of ferromagnetic precession, induced by pump photons with an energy of 1.2 eV, cannot be excited via the heating mechanism, but must be explained by taking into account the electronic structure of the semiconductor.
To reveal the electronic transitions responsible for the helicity dependent laser-induced spin dynamics, we tuned the photon energy of the pump pulses around the energy of the band gap. In order to exclude heat-assisted polarization independent mechanisms of spin precession, we applied the magnetic field in the plane of the sample. Figure 7 shows the laser-induced transients of the magneto-optical signal. We can clearly observe oscillations in a wide region of pump photon energies from 0.89 to 1.77 eV, which completely disappear at 2.07 eV. It is seen that the phase and frequency of the spin oscillations also depend on the pump photon energy. However, with the available signal to noise ratio we cannot draw any quantitative conclusions about such dependencies.
We found that the amplitude has a maximum around 1.2 eV, which is very close to the band gap of the semiconductor [see Fig. 8(a) ]. Regarding such a spectral dependence with a maximum corresponding to the maximum in the absorption spectrum [35] , we suggest that the mechanism of excitation of spin precession can be explained by optical spin transfer torque, similarly to Ref. [19] .
According to Ref. [36] this resonance corresponds to the transition from the top of the valence band to the localized d states of Cr 3+ ions. Alternatively, the energy of the observed maximum can correspond to the transition from the top of the valence band, formed by 4p electrons of Se 4+ ions, to the bottom of the conduction band, formed by 4s electrons of Cr 3+ ions. In this case, the mechanism of excitation of the polarization dependent spin precession can rely on spin-orbit interaction and pd-exchange interaction experienced by charge carriers in the valence band. In particular, a strong spin-orbit interaction experienced by the carriers in the valence band is responsible for the coupling of the spin of the photogenerated carriers and the polarization of light. Due to strong sp-d exchange interactions the spins of the photocarriers appear to be coupled to the network of ordered spins of Cr 3+ ions. Figure 8 (b) demonstrates a scheme of the electronic transitions triggered in the semiconductor by circularly polarized light. The scheme takes into account strong spin-orbit interaction in the valence band [37, 38] as well as spin splitting of the valence and the conduction bands [36] induced by the pdand the sd-exchange interactions, respectively. Similar to the case of optical orientation in direct band-gap semiconductors, the transitions from the sub-band of light holes (L = −1, s = +1/2; L = +1, s = −1/2) are less intense than those from the heavy-hole sub-band (L = +1, s = +1/2; L = −1, s = −1/2). Therefore, pumping with circularly polarized light effectively generates a nonequilibrium spin polarization in the valence band, the orientation of which is defined by the helicity of light. The nonequilibrium spin polarization is exchange coupled to the ordered Cr spins and acts as an effective magnetic field, through the optical spin transfer torque mechanism, similarly to the case discussed in GaMnAs [19] . Also pumping the electrons to the localized d states Cr 3+ ions and creating a nonequilibrium spin polarization in the excited states will act as an effective magnetic field. Analyzing the measured time traces one can clearly distinguish a very sharp helicity dependent peak with a relaxation time τ 1 = 8 ps (see Fig. 6 ). This relaxation time can be assigned to the spin lifetime of the photocarriers [39, 40] .
Notably, there is one more relaxation process observed in the transient rotation signal. The relaxation time is τ 2 = 1 ns [see Fig. 6(d) ]. In analogy with [40] , where a similar time constant was associated with the lifetime of carriers on localized levels, we suggest that τ 2 corresponds to the lifetime of the photoexcited electrons on Cr 3+ levels.
IV. CONCLUSIONS
To summarize, we report about two mechanisms of photoinduced spin dynamics in the magnetic semiconductor CdCr 2 Se 4 . Photons with an energy higher than the band gap heat up the electrons, effectively change the equilibrium orientation of the magnetization, and thus displacively excite homogeneous spin precession at the frequency of ferromagnetic resonance. The second mechanism implies that circularly polarized light can act on spins as an effective magnetic field. In CdCr 2 Se 4 this effect is strongly wavelength dependent, and has a maximum at photon energies of 1.04 eV. This energy is close to the electronic transition from the valence band to the bottom of the conduction band. Due to spin-orbit interaction light excites carriers with a given spin and due to sp-d exchange interaction this excitation is transferred to the spins of the Cr 3+ ions. Although the nonequilibrium spin polarization relaxes with a decay time of 8 ps, upon this relaxation the nonequilibrium spin polarization manages to trigger oscillations of Cr spins due to spin transfer torque.
